Introduction
============

Chondrosarcoma is a malignant tumor of the bone and it typically affects adults between the age of 20 and 60 years old.[@b1-dddt-10-571]--[@b3-dddt-10-571] To date, surgical resection of these tumors remains the only curative treatment offered to patients since chondrosarcoma are notorious for their resistance to conventional chemo- and radiotherapy.[@b2-dddt-10-571]--[@b5-dddt-10-571] Therefore, understanding and exploring the mechanisms of chemotherapy and radiation resistance in chondrosarcoma could lead us to develop novel therapeutic strategy for the treatments of chondrosarcoma patients. The mechanisms accounting for chemoresistance have been discussed before, the abnormal expression of P-glycoprotein in chondrosarcoma has been reported, and it has been proposed that the P-glycoprotein is an important mechanism in the development of chemoresistance.[@b6-dddt-10-571],[@b7-dddt-10-571] Moreover, the specific pharmacologic inhibitor of telomerase, BIBR1532, has been studied as an alteration to resensitize chondrosarcoma cells to traditional chemotherapy.[@b8-dddt-10-571]

microRNA (miRNA) is the noncoding, single-stranded RNA of approximately 22 nucleotides. miRNA has been well studied to regulate gene expression and constitutes a novel class of gene regulators.[@b9-dddt-10-571] Mature miRNAs are partially complementary to multiple messenger RNA (mRNA) targets and induce the degradation of mRNAs of their target genes by direct binding to the 3′-UTR regions.[@b10-dddt-10-571] So far, hundreds of miRNAs have been shown to play essential roles in a variety of biological processes including proliferation, differentiation, migration, cell cycle, and apoptosis.[@b10-dddt-10-571],[@b11-dddt-10-571] It has been reported that miRNAs are involved in drug resistance[@b12-dddt-10-571] to act as potential oncogenes or tumor suppressors.[@b13-dddt-10-571]--[@b15-dddt-10-571] miR-125b that belongs to miR-125 family has been reported to be implicated in a variety of carcinomas as either repressors or oncomiRs including ovarian cancer,[@b16-dddt-10-571] bladder cancer,[@b17-dddt-10-571] breast cancer,[@b18-dddt-10-571]--[@b20-dddt-10-571] hepatocellular carcinoma,[@b21-dddt-10-571],[@b22-dddt-10-571] melanoma,[@b23-dddt-10-571] cutaneous squamous cell carcinoma,[@b24-dddt-10-571] and osteosarcoma.[@b25-dddt-10-571] A recent miRNA array analysis described that miR-125b was downregulated in chondrosarcoma cells, indicating miR-125b might act as a tumor suppressor in human chondrosarcoma.[@b26-dddt-10-571]

In 1956, Warburg observed that the rate of glycolysis was abnormally high in cancer cells, yet a smaller fraction of this glucose is broken down by oxidative phosphorylation.[@b27-dddt-10-571] The "Warburg effect" indicates that the metabolic properties of cancer cells are more dependent on aerobic glycolysis, fatty acid synthesis, and glutaminolysis for proliferation, which is quite different from those of normal cells.[@b28-dddt-10-571] On the basis of this theory, targeting metabolic dependence of tumors could be a selective approach to treat clinical patients. In this study, we reported a novel function of miR-125b, which promotes chemotherapy in chondrosarcoma cells. miR-125 was downregulated in chondrosarcoma cells and doxorubicin resistant cells. Overexpression of miR-125 enhanced the sensitivity of both parental and doxorubicin resistant cells to doxorubicin through direct targeting on ErbB2-mediated glucose metabolism. Restoration of ErbB2 and glucose metabolic enzymes in miR-125 pretransfected cells recovered the susceptibility to doxorubicin.

Materials and methods
=====================

Cell lines and cell culture
---------------------------

CSPG, OUMS-27, CH-2879, JJ012, CS-1, and SW1353 are human chondrosarcoma cells. SNM83 cells are normal human chondrocyte cell line. All cells were cultured in Dulbecco's Modified Eagle's Medium/F12 (Gibco BRL, Karlsruhe, Germany) with 10% fetal bovine serum (Gibco BRL) in humidified atmosphere 5% CO~2~ in air at 37°C. Doxorubicin resistant clone 1, 2 (Doxo R1, R2) and Doxo RP (pooled clone) were developed from JJ012 cells by treating with gradually increasing concentrations of doxorubicin in cell culture medium. The resistant cells were reselected every month by the treatment of doxorubicin.

Chondrosarcoma patient tissues
------------------------------

All primary human conventional chondrosarcoma tissues and normal articular chondrocytes specimens were obtained from patients undergoing surgery for chondrosarcoma during 2012--2013 at the Department of Oncology, Changzheng Hospital, Shanghai, People's Republic of China, and stored in liquid nitrogen until analysis. Tumors were obtained under institutional review board approved protocol by the Ethics Committee of the Department of Oncology, Changzheng Hospital, Shanghai, People's Republic of China. All patients provided written informed consent.

Antibodies and reagents
-----------------------

Antibodies used from this project were purchased from: poly(ADP-ribose) polymerase (PARP) (Cell Signaling Technology, Danvers, MA, USA: \#9532); Hexokinase II (Cell Signaling Technology: \#2867); β-actin (Cell Signaling Technology: \#4967); PDK1 (Cell Signaling Technology: \#3820); ErbB2 (Cell Signaling Technology: \#2242); EGFR (Cell Signaling Technology: \#2963); and LDHA (Cell signaling Technology: \#2012); Doxorubicin was purchased from Sigma-Aldrich (Hong-Kong, People's Republic of China).

Pre-miRNA or anti-miRNA transfection
------------------------------------

miRNA precursors (pre-miRNAs) and miRNAs antisense RNAs (anti-miRNAs) were purchased from Applied Biosystems (Waltham, MA, USA). Pre-miR negative and anti-miR-negative were used as negative controls. Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) was used for the transfection of pre-miRNAs or anti-miRNAs. Forty-eight hours after transfection, the expression of miR-125b was detected by real-time PCR, and the expression of ErbB2, a target of miR-125b, was tested by real-time PCR and/or Western blotting.

Plasmid DNA and siRNA transfections
-----------------------------------

Transfection was performed using the Lipofectamine 2000 Transfection reagent (Invitrogen) according to the manufacturer's protocol. Overexpression vectors containing wild-type ErbB2 (RC212583) and LDHA (RC228293) were purchased from [www.origene.com](http://www.origene.com). The siRNA oligonucleotides for ErbB2 was purchased from Sigma-Aldrich, with a scrambled siRNA (Sigma-Aldrich) used as a control. Forty-eight hours after transfection, cells were collected or whole-cell lysates were prepared for further analysis.

Glucose uptake assay
--------------------

Cells were seeded in 12-well plates at 1×10^5^--3×10^5^ cells per well. Culture media was collected at 48 hours and stored at −20° until assayed. Glucose uptake was measured using an Amplex Red Glucose/Glucose Oxidase assay kit (Molecular Probes, Eugene, OR, USA). Absorbance was measured at 563 nm using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA, USA) and the results were normalized to the amount of total protein compared with the control cells.

Lactate production assay
------------------------

Lactate production in the medium was detected by using a Lactate assay kit (BioVision Inc., Milpitas, CA, USA). Results were normalized to the amount of total protein compared with the control cells.

Generation of JJ012 doxorubicin resistant cell line
---------------------------------------------------

JJ012 cells were treated with gradually increasing concentrations of doxorubicin in regular cell culture conditions for selection of resistant cells. After successive treatments for up to 2 months, several resistant cell clones were developed from the parental cell line. Doxorubicin resistant clone 1, 2 and pooled clones were used for subsequent experiments in this study. The resistant cells were selected by doxorubicin treatments each month.

Quantitative real-time PCR (qRT-PCR)
------------------------------------

RNA was isolated from cultured cells using the RNeasy mini-kit (Qiagen, Hilden, Germany) (with an on-column DNAse digestion step according to the manufacturer's instructions). Briefly, lysates of cells were passed through a Qiashredder (Qiagen) and the eluted lysates mixed 1:1 with 70% ethanol. The lysates were applied to a mini-column and after washing and DNAse I digestion, the RNAs were eluted in 30--50 μL of RNAse-free water. The quantity and quality of total RNA samples were checked by agarose--gel electrophoresis and using the Bioanalyzer RNA 6000 Nano assay (Agilent, Waldbronn, Germany). For miRNA expression analysis, qRT-PCR was done by using the TaqMan miRNA reverse transcription kit (Applied Biosystems) and TaqMan miRNA assays kit (Applied Biosystems) following the manufacturer's protocols. Precursor miR-125b RT primer: GTCGTATCCAGTGCAGGGTCCGAGGTA TTCGCACTGGATACGACAGCACG; RNU6B served as an internal control. All reactions were performed in triplicate. End-point PCR was performed to analyze the expression of miR-125b by using a mirVana qRT-PCR miRNA detection kit and mirVana qRT-PCR Primer Sets (Applied Biosystems) according to the manufacturer's protocols. Human U6 served as an internal control. For the detection of mRNA expressions of HK II, PDK1, and LDHA, real-time PCR were performed. RNA was isolated from cultured cells using the RNeasy mini-kit (Qiagen) (with an on-column DNAse digestion step according to the manufacturer's instructions). cDNA was mixed with 2× SYBR Green PCR Master Mix (Applied Biosystems) and various sets of gene-specific primers and then subjected to real-time PCR quantification by using the iQ5 real-time PCR system (Bio-Rad Laboratories Inc., Hercules, CA, USA). The sequences of the primers used were as follows:

HK II, 5′ primer (5′-CCGTGGTGGACAAGATAAGAGAGAACC-3′) and 3′ primer (5′-GGACACGTCACATTTCGGAGCCAG-3′); PDK1, 5′ primer (5′-ACAAGGAGAGCTTCGGGGTGGATC-3′) and 3′ primer (5′-CCACGTCGCAGTTTGGATTTATGC-3′); LDHA, 5′ primer (5′-ATCTTGACCTACGTGGCTTGGA) and 3′ primer (5′-CCATACAGGCACACTGGAATCTC-3′).

The PCR conditions were 25--30 cycles at 95°C for 30 seconds, 56°C for 30 seconds, and 72°C for 1 minute. The PCR products were separated on a 2% agarose gel. All reactions were performed in triplicate. The relative amounts of mRNA were calculated by using the comparative CT method.

Luciferase reporter assay
-------------------------

The pMIR-reporter luciferase vector containing the wild-type 3′-UTR and binding site mutant 3′-UTR of ErbB2 and the empty vector were constructed according to the methods previously described.[@b29-dddt-10-571] Briefly, the 3′-UTR sequence (618 bp) of ErbB2 was obtained from UTRdb (<http://utrdb.ba.itb.cnr.it/>) and EST clone containing the 3-UTR sequences from ErbB2 cDNA was purchased from Invitrogen and used as templates for PCR amplification of the full-length or binding-sites mutation (deletion of the position 37--44 of ErbB2 3′-UTR: CUCAGGGA). For the luciferaseassay, cells at the density of 2×10^5^ per well in 24-well plates were cotransfected with pMIR-REPORT luciferase reporters with 3′-UTR of wild-type ErbB2 or binding site mutant ErbB2, pre-miR-125b, or pre-miR-negative using Lipofectamine 2000 reagent. Forty-eight hours later, cells were harvested and lysed with passive lysis buffer (Promega Corporation, Fitchburg, WI, USA). Luciferase activity was measured by using a dual luciferase reporter assay (Promega). The pRL-TK vector (Promega) was used as an internal control. The results were expressed as relative luciferase activity (firefly Luc/Renilla Luc).

Cell viability assay
--------------------

A total of 1×10^4^ cells for each well were seeded in 48-well plates for overnight. The medium was replaced with fresh medium with or without doxorubicin at the indicated concentrations and incubated for 48 hours. Cell viability was measured using the 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) assay. Absorbance was measured spectrophotometrically at 570 nm by the Universal Microplate Reader EL800 (BIO-TEK instruments, Inc., Vermont, MA, USA).

Western blot analysis
---------------------

Whole cells were lysed in 1× SDS sample buffer and resolved by electrophoresis using SDS-PAGE and transferred to nitrocellulose membranes. The membranes were probed with primary antibodies overnight, and then incubated with appropriate horseradish peroxidase-conjugated secondary antibodies for 3 hours, followed by detection with a Super Signal Enhanced Chemiluminescence kit (Pierce, Rockford, IL, USA). For sequential blotting, the membranes were stripped with Stripping Buffer (Pierce) and reprobed with proper antibodies.

Statistical analysis
--------------------

Statistical evaluation for data analysis was determined by unpaired Student's *t*-test. All data were shown as the means. A statistical difference of *P*\<0.05 was considered significant.

Results
=======

miR-125b is downregulated in human chondrosarcoma cells and doxorubicin resistant cells
---------------------------------------------------------------------------------------

Since miR-125b has been reported to act as a tumor suppressor gene in multiple tumor types, we started to check the expression of miR-125b in human chondrosarcoma cells and normal chondrocyte cell. As we expected, miR-125b was significantly downregulated in multiple chondrosarcoma cell lines compared with normal chondrocyte cell ([Figure 1A](#f1-dddt-10-571){ref-type="fig"}). Consistently, the expressions of miR-125 in 20 Asian human conventional chondrosarcoma tissue were lower than normal articular chondrocytes ([Figure 1B](#f1-dddt-10-571){ref-type="fig"} and [Table 1](#t1-dddt-10-571){ref-type="table"}), suggesting miR-125b might be a tumor suppressor in human chondrosarcoma. It has been known that inactivation of tumor suppressor genes contributes to chemoresistance. We generated doxorubicin resistant chondrosarcoma cell line using JJ012 cell by gradually treated JJ012 cells at elevated drug concentrations for 3 month. The JJ012 doxorubicin resistant colons were picked and pooled as the JJ012 Doxo R. [Figure 1C](#f1-dddt-10-571){ref-type="fig"} showed resistant cells were insensitive to regular doxorubicin treatments compared with the parental cells, which displayed a proximate IC~50~ at 50 μM, while the IC~50~ of RP was much higher than parental cells. We next measured the expression of miR-125b in doxorubicin resistant clone 1, clone 2, and clone pool. Our results showed miR-125b were downregulated in all doxorubicin resistant chondrosarcoma cells, which further supported that miR-125 possessed the function of a tumor suppressor gene ([Figure 1D](#f1-dddt-10-571){ref-type="fig"}). The protein expression of the cleaved PARP (c-PARP) is an important marker of caspase-mediated apoptosis. The resistance to doxorubicin was confirmed by the detection of c-PARP after the cells were treated with doxorubicin at 50 μM for 48 hours. We found much higher levels of uncleaved PARP and correspondingly much lower levels of c-PARP in doxorubicin resistant cells compared to parental cells ([Figure 1E](#f1-dddt-10-571){ref-type="fig"}).

Overexpression of miR-125b inhibits chondrosarcoma cell proliferation and sensitizes chondrosarcoma cells to doxorubicin
------------------------------------------------------------------------------------------------------------------------

The observation that miR-125b was downregulated in chondrosarcoma cells triggered us to explore the detailed functions of miR-125b by transient transfection of miR-125b into cancer cells ([Figure 2A](#f2-dddt-10-571){ref-type="fig"}, upper). As we expected, the cells growth rates were significantly decreased in miR-125b overexpression chondrosarcoma cells ([Figure 2A](#f2-dddt-10-571){ref-type="fig"}, lower), suggesting miR-125b acts as a tumor suppressor in chondrosarcoma. Consequently, we measured the sensitivity of cells with overexpression of miR-125b in response to doxorubicin treatments. In all three cell lines, JJ012, CH-2879, and SW1353 displayed sensitive to doxorubicin treatments when they were transfected with miR-125b compared with control miRNAs ([Figure 2B](#f2-dddt-10-571){ref-type="fig"}). Taken together, our results demonstrated strong inhibitory effects on tumor behaviors by miR-125b in chondrosarcoma cells.

Doxorubicin resistant cells exhibit elevated glucose metabolism
---------------------------------------------------------------

To explore the mechanisms accounting for the miR-125b-mediated sensitization to chemotherapy in chondrosarcoma cells, we screened multiple pathways that might involve in the chemosensitivity. Interestingly, the glucose metabolism that contributes to the gain of resistance of multiple anticancer drugs was significantly changed in doxorubicin resistant cells. Currently, increasing evidence supports the idea that dysregulated cellular metabolism is linked to drug resistance in cancer therapy. In our assays, both of glucose uptake ([Figure 3A](#f3-dddt-10-571){ref-type="fig"}, left) and lactate product ([Figure 3B](#f3-dddt-10-571){ref-type="fig"}) were increased in doxorubicin resistant cells, indicating the dysregulated metabolism might contribute to chemoresistance. Consistently, the key enzymes in the glucose metabolism were upregulated in doxorubicin resistant cells at both protein ([Figure 3C](#f3-dddt-10-571){ref-type="fig"}) and mRNA ([Figure 3D](#f3-dddt-10-571){ref-type="fig"}) levels. These results further supported the observation that doxorubicin resistant chondrosarcoma cells exhibited elevated glucose metabolism.

Overexpression of miR-125b in chondrosarcoma downregulates glucose metabolism
-----------------------------------------------------------------------------

To figure out whether miR-125b regulates glucose metabolism in chondrosarcoma cells, we measured the glucose uptake and lactate product in JJ012 and CH-2879 miR-125b overexpressing cells compared with the transfection of control miRNA. Our data demonstrated significant inhibitions of glucose metabolism in the miR-125b overexpressing cells ([Figure 4A and B](#f4-dddt-10-571){ref-type="fig"}), indicating miR-125b might sensitize the chondrosarcoma cells to doxorubicin through the downregulation of glucose metabolism. Consistent results in [Figure 4C](#f4-dddt-10-571){ref-type="fig"} showed the expressions of HK II, PDK1, and LDHA were decreased by overexpression of miR-125b in JJ012 and CH-2879 cells. In general, our results from [Figures 3](#f3-dddt-10-571){ref-type="fig"} and [4](#f4-dddt-10-571){ref-type="fig"} revealed a correlation between miR-125 mediated doxorubicin sensitization and the altered glucose metabolism.

ErbB2 is a direct target of miR-125b in chondrosarcoma cells
------------------------------------------------------------

Because miR-125b is capable of suppressing glucose metabolism and increasing the sensitivity of chondrosarcoma cells to doxorubicin, we searched miRNA databases for potential miR-125b targets that may possibly contribute to doxorubicin resistance. The three public miRNA databases (TargetScan, Pictar, and MicroRNA) all predicted that ErbB2 might be a target for miR-125b, and the 3′-UTR of ErbB2 contains a highly conserved binding site for miR-125b. So far, no publication reported that ErbB2 is a miR-125b target in chondrosarcoma cells. To determine whether miR-125b could target ErbB2 in chondrosarcoma cells, we transfected the pre-miR-125b into JJ012 and CH-2879 cells. The expression of miR-125b significantly downregulated ErbB2 proteins in both cells ([Figure 5A](#f5-dddt-10-571){ref-type="fig"}). Moreover, knockdown of miR-125b upregulated the expression of ErbB2 in both cells. The expression of EGFR, which is another family member of ErbB2, was not changed by transfection of miR-125b, indicating ErbB2 is a specific target of miR-125b. We next investigated whether miR-125b directly targets the 3′-UTR of ErbB2 mRNA, and we performed luciferase reporter analysis by cotransfecting a vector containing plasmid microRNA (pMIR) reporter-luciferase fused with original sequence or predicted binding site mutant sequence of the 3′-UTR of ErbB2 mRNA and pre-miR-125b or control miRNA. Overexpression of miR-125b decreased the luciferase activity of the reporter with wild-type 3′-UTR of ErbB2 by approximately 60% in both JJ012 and CH-2879 cells ([Figure 5B](#f5-dddt-10-571){ref-type="fig"}). However, no inhibitory effects of miR-125b on the activity of the reporter with binding site mutant of 3′-UTR of ErbB2 were detected ([Figure 5B](#f5-dddt-10-571){ref-type="fig"}). Taken together, our results demonstrated that ErbB2 is a direct target of miR-125b in chondrosarcoma cells.

Restoration of ErbB2 in miR-125b overexpressing chondrosarcoma cells recovers glucose metabolism and doxorubicin sensitivity
----------------------------------------------------------------------------------------------------------------------------

Since it has been reported ErbB2 upregulates glucose metabolism in breast cancer cells and confers to chemoresistance,[@b30-dddt-10-571],[@b31-dddt-10-571] our aforementioned results revealed a correlation between the downregulation of ErbB2 and the miR-125-mediated downregulation of glucose metabolism and sensitivity of doxorubicin. To examine whether the downregulation of glucose metabolism by miR-125b was through the inhibition of ErbB2, we transfected overexpression vector containing wild-type ErbB2 into miR-125 pretransfected chondrosarcoma cells. Exogenous overexpression of ErbB2 restored the ErbB2 to the original level resulted in the glucose metabolism enzymes recovered to the nontransfection levels ([Figure 6A](#f6-dddt-10-571){ref-type="fig"}). Similar results obtained from glucose uptake and lactate product assays showed both of them were recovered by overexpression of ErbB2 in miR-125b pretransfected cells ([Figure 6B](#f6-dddt-10-571){ref-type="fig"}), indicating the metabolism enzymes were regulated by ErbB2, not directly by miR-125b. To figure out whether miR-125b-mediated sensitization to doxorubicin was through the targeting on ErbB2, we measured the chemosensitivity. Overexpression of ErbB2 in miR-125b pretransfected cells led to a significant resistance compared with control vector transfected into miR-125b pre-transfected cells ([Figure 6C](#f6-dddt-10-571){ref-type="fig"}). To further support our points that ErbB2 promotes glycolysis of chondrosarcoma cells, JJ012 cells were transfected with siErbB2 to knock down the expression of ErbB2 ([Figure 6D](#f6-dddt-10-571){ref-type="fig"}, middle). [Figure 6D](#f6-dddt-10-571){ref-type="fig"} shows the glucose uptake and lactate product were significantly decreased by the knocking down of ErbB2. Taken together, our results demonstrate both of the glucose metabolism and chemosensitivity changed by overexpression of miR-125b in chondrosarcoma cells were due to the direct targeting on ErbB2.

Overexpression of miR-125b sensitizes doxorubicin resistant cells through the inhibition of glucose metabolism
--------------------------------------------------------------------------------------------------------------

The aforementioned results revealed that overexpression of miR-125b contributed to the sensitivity of doxorubicin. Here we showed overexpression of miR-125b in doxorubicin resistant chondrosarcoma cells resensitized the resistant cells to doxorubicin ([Figure 7A](#f7-dddt-10-571){ref-type="fig"}). We transfected miR-125b and control miRNA into JJ012 doxorubicin resistant cells, and then treated the cells with indicated concentrations of doxorubicin for 48 hours. Transfection with the miR-125b significantly inhibited the cell viability at 50 and 100 μM ([Figure 7A](#f7-dddt-10-571){ref-type="fig"}). Meanwhile the protein levels of ErbB2 and glucose metabolic enzymes were approximately decreased to the parental levels ([Figure 7B](#f7-dddt-10-571){ref-type="fig"}). The similar results in [Figure 7C](#f7-dddt-10-571){ref-type="fig"} showed the glucose uptake and lactate product were also decreased to the similar levels of parental cells, indicating that the miR-125b-mediated resensitization to doxorubicin was through the ErbB2-regulated glucose metabolism pathway. Finally, we overexpressed the key enzymes of glucose metabolism in miR-125b pretransfected JJ012 cells ([Figure 7D](#f7-dddt-10-571){ref-type="fig"} left) and measured the sensitivity to doxorubicin ([Figure 7D](#f7-dddt-10-571){ref-type="fig"}, right). The results demonstrated that exogenous upregulation of glucose metabolism rendered miR-125b overexpressing chondrosarcoma cells resistant to doxorubicin, indicating overexpression of miR-125b resulted in cells susceptive to doxorubicin through the inhibition of glucose metabolism.

Discussion
==========

Chondrosarcoma is the second most common type of primary bone malignancy after osteosarcoma. Currently, very limited systemic treatment can be offered for high-grade and metastatic tumors since chondrosarcomas turned to be resistant to conventional chemo- and radiotherapy.[@b4-dddt-10-571],[@b5-dddt-10-571] So far the mechanisms for chemoresistance in chondrosarcoma have been revealed. The most prominent mechanism of chemoresistance is the abnormal expression of P-glycoprotein in chondrosarcoma. Moreover, hypoxia induces angiogenesis via increased levels of VEGF[@b32-dddt-10-571] and the loss of tumor suppressor p16 in chondrosarcoma[@b33-dddt-10-571] have been reported to leads to chemo- and radioresistance. A recent study reported that the growth of chondrosarcoma cells can be inhibited by mTOR inhibitor in an in vivo syngeneic rat model,[@b5-dddt-10-571] suggesting a putative chemotherapeutic approach for clinical applications. However, very limited study focused on the glucose metabolism in chondrosarcoma. Therefore, the purpose of this study is to explore putative regulators in the alterations of glucose metabolism pathways in chondrosarcoma cells, which can be selected as targets for the development of therapeutics.

The "Warburg effects" described that cancer cells reprogram metabolic pathways for their bioenergetic and biosynthetic requirements. Increased aerobic glycolysis, fatty acid synthesis, and glutamine metabolism has been linked to therapeutic resistance in cancer. Many enzymes of glucose metabolism such as glucose transporters, hexokinase, pyruvate kinase M2, and LDHA involved in the reactions required for the glycolytic breakdown of glucose for a center energy supply.[@b34-dddt-10-571] Currently, inhibition of glucose metabolism as an anticancer strategy has been widely studied. Multiple well-studied oncogenes such as AKT,[@b35-dddt-10-571] ErbB2,[@b30-dddt-10-571] Src,[@b36-dddt-10-571] and Ras[@b37-dddt-10-571] have been reported to promote glycolysis of cancer cells. On the other way, tumor suppressors such as P53[@b38-dddt-10-571] and PTEN[@b39-dddt-10-571] have been shown to decrease glycolysis rate. Therefore, we classified miR-125b into tumor suppressor in this project based on its ability to inhibit ErbB2 and negatively regulate anaerobic glycolysis in chondrosarcoma cells. We described a metabolic upregulation in doxorubicin resistant chondrosarcoma cells and inhibition of glucose metabolism by overexpression of miR-125b resensitized resistant cells to doxorubicin. The key enzymes in glucose metabolism were downregulated by the miR-125-induced inhibition of ErbB2, which might be served for clinical drug development. This will be the first time to link dysfunctioned glucose metabolism and chemoresistance in chondrosarcoma and might trigger us to explore detailed mechanisms to develop metabolism inhibitors for overcoming chemoresistance.

Many miRNAs have been identified as having an oncogenic or tumor suppressor like function shown to be involved in cell proliferation, differentiation, apoptosis, and drug resistance. miR-125 has been reported to act as a tumor-suppressor functions in several cancers including ovarian cancer,[@b16-dddt-10-571] bladder cancer,[@b17-dddt-10-571] hepatocellular carcinoma,[@b22-dddt-10-571] cutaneous squamous cell carcinoma,[@b24-dddt-10-571] and osteosarcoma.[@b25-dddt-10-571] Moreover, miR-125b has been reported to promote cell proliferation in prostate cancer cells,[@b40-dddt-10-571] enhances invasive potential in urothelial carcinomas,[@b41-dddt-10-571] and suppresses p53-dependent apoptosis in human neuroblastoma cells.[@b42-dddt-10-571] A recent miRNA array analysis described that miR-125b was downregulated in chondrosarcoma cells, indicating miR-125b might act as a tumor suppressor in human chondrosarcoma.[@b26-dddt-10-571] However, little is known about their role in chemoresistance, such as to doxorubicin, and currently, the explicit functions of miR-125b in the regulation of metabolism is still under investigation. As an important miRNA, miR-125 possessed an inhibitory function in chondrosarcoma in this study since it negatively regulated glucose metabolism and promotes chemosensitivity to doxorubicin. miR-125b-induced downregulation of ErbB2 and ErbB3 has been reported to reduce cell motility and invasiveness of breast cancer.[@b29-dddt-10-571] In our study, we aimed at examining the role of miR-125b in doxorubicin resistance in chondrosarcoma cells through the comparison between doxorubicin resistant and sensitive cells. We found that miR-125b was downregulated in chondrosarcoma cells compared with normal human chondrocytes. More importantly, miR-125b was downregulated in doxorubicin resistant cancer cells, with its overexpression enhancing doxorubicin-induced cytotoxicity and apoptosis, subsequently increasing the sensitivity of chondrosarcoma cells to doxorubicin. Moreover, we demonstrated that ErbB2 was a direct target of miR-125b in chondrosarcoma cells. The inhibition of ErbB2 by overexpression of miR-125b led to suppression of glucose metabolism, which rendered chondrosarcoma cells susceptible to doxorubicin. Restoring the expression of ErbB2 and glucose metabolic enzymes recovered doxorubicin resistance in counteracting miR-125b-mediated sensitivity. Taken together, miR-125b plays a critical role in doxorubicin resistance through suppression of ErbB2-induced glucose metabolism, and it may serve as a potential target for overcoming chemoresistance in human chondrosarcoma. We are the first to demonstrate that ErbB2 is a direct target of miR-125b in chondrosarcoma cells and showed that miR-125b increased doxorubicin sensitivity, acting primarily as a tumor suppressor in chondrosarcoma cells. However, further investigations with clinical patient samples need to be performed in the further project to identify the role of miR-125b in human chondrosarcoma development.
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![miR-125b is downregulated in chondrosarcoma cells and negatively correlated to doxorubicin sensitivity.\
**Notes:** (**A**) The expression of miR-125b in multiple chondrosarcoma cell lines as indicated in the text compared with normal human chondrocyte cell line, SNM83. (**B**) The expression of miR-125b in multiple human conventional chondrosarcoma tissues compared with human normal articular chondrocytes. (**C**) Generation of doxorubicin resistant cells from JJ012. JJ012 cells were treated with gradually increasing concentrations of doxorubicin in regular cell culture conditions for selection of resistant cells. JJ012 doxorubicin resistant clones were pooled and analyzed by the treatments of doxorubicin at indicated concentrations for 72 hours. (**D**) The expression of miR-125b in JJ012 parental cells and doxorubicin resistant clone 1, clone 2, and pool cells. (**E**) Doxorubicin resistant cells and their parental cells were treated without or with 50 μM doxorubicin for 48 hours, and then PARP and its cleaved protein (c-PARP) were analyzed by Western blotting with specific antibodies, respectively. β-actin was used as a loading control. Columns, mean of three independent experiments; bars, SE. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** PARP, poly(ADP-ribose) polymerase; c-PARP, cleaved PARP.](dddt-10-571Fig1){#f1-dddt-10-571}

![Overexpression of miR-125b in chondrosarcoma cells inhibits cells growth rate and increases the sensitivity to doxorubicin.\
**Notes:** (**A**) Transfection of pre-miR-125b into JJ012, CH-2879, and SW1353 cells; the expressions of miR-125b were measured by qPCR. (**B**) Overexpression of miR-125b inhibits the JJ012, CH-2879, and SW1353 cells growth rates. Cells were transfected with pre-miR-125b for 48 hours, and then were plated into 48-well plates for the cell growth assays. (**C**) JJ012, CH-2879, and SW1353 cells were transfected with negative control and pre-miR-125b for 48 hours; the cells were plated into 48-well plates for the treatments with doxorubicin at indicated concentrations for 48 hours, followed by the cell viability assays. Columns, mean of three independent experiments; bars, SE. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.](dddt-10-571Fig2){#f2-dddt-10-571}

![Doxorubicin resistant cells exhibit upregulated glucose metabolism.\
**Notes:** (**A**) Glucose uptake and (**B**) lactate product were measured in JJ012 parental cells and JJ012 doxorubicin resistant cells. (**C**) Western blotting experiments showed that the expressions of HK II, PDK1, and LDHA were upregulated in JJ012 doxorubicin resistant cells compared with parental cells. β-actin was used as a loading control. (**D**) The mRNA expressions of HK II, PDK1, and LDHA were measured by real-time PCR in JJ012 doxorubicin resistant cells and parental cells. Columns, mean of three independent experiments; bars, SE. \**P*\<0.05; \*\**P*\<0.001.\
**Abbreviation:** LDHA, Lactate dehydrogenase-A.](dddt-10-571Fig3){#f3-dddt-10-571}

![Overexpression of miR-125b in chondrosarcoma cells downregulates glucose metabolism.\
**Notes:** (**A**) Glucose uptake and (**B**) lactate product were measured in miR-125b overexpressing JJ012 (left) and CH-2879 (right) cells compared with negative control. (**C**) Western blotting experiments showed that the expressions of HK II, PDK1, and LDHA were downregulated in miR-125b overexpressing JJ012 (left) and CH-2879 (right) cells compared with negative control. β-actin was used as a loading control. Columns, mean of three independent experiments; bars, SE. \**P*\<0.05.](dddt-10-571Fig4){#f4-dddt-10-571}

![ErbB2 is a direct target of miR-125b in chondrosarcoma.\
**Notes:** (**A**) JJ012 and (**B**) CH-2879 cells were transfected with 100 nM pre-miR-negative (Ctr), pre-miR-125b, or anti-miR-125b for 48 hours. Cell lysates were prepared for Western blotting with antibody against ErbB2 and EGFR. EGFR was used as negative control and β-actin was used as a loading control (left). JJ012 and CH-2879 cells were cotransfected with luciferase reporter plasmids with wild-type 3′-UTR of ErbB2 or mutant 3′-UTR of ErbB2 and pre-miR-125, or pre-miR-negative (control miR) by using Lipofectamine 2000 reagent. Forty-eight hours posttransfection, cells were harvested and lysed with passive lysis buffer. Luciferase activities were measured by a dual luciferase reporter assay. The pRL-TK vector was used as an internal control. The results were expressed as relative luciferase activity (firefly LUC/Renilla LUC) (right). Columns, mean of three independent experiments; bars, SE. \**P*\<0.01.\
**Abbreviations:** WT, wild type; Ctr, control.](dddt-10-571Fig5){#f5-dddt-10-571}

![Restoration of ErbB2 in miR-125b overexpressing cells recovers the glucose metabolism and doxorubicin sensitivity.\
**Notes:** (**A**) JJ012 cells were transfected with 100 nM pre-miR-negative control and pre-miR-125b for 48 hours, followed by transfection with vector control and overexpression vector containing wild-type ErbB2 for 24 hours, and then cells were collected and prepared for Western blotting with antibody against ErbB2, HK II, PDK1, and LDHA. β-actin was used as a loading control. (**B**) JJ012 cells were transfected with pre-miR-125b and ErbB2 as described in (**A**), then the glucose uptake (left) and lactate product (right) were checked. (**C**) JJ012 cells were transfected with pre-miR-125b and ErbB2 as described in (**A**); cells were collected and replaced in 48-well plates for overnight, followed by doxorubicin treatments at the indicated concentrations for 48 hours. Cells were analyzed by cell viability assays. (**D**) The JJ012 cells were transfected with control siRNA or siErbB2 for 48 hours, and then cells were collected for Western blot analysis (middle) and the measurements of glucose uptake and lactate product. Columns, mean of three independent experiments; bars, SE. \**P*\<0.05; \*\**P*\<0.01.](dddt-10-571Fig6){#f6-dddt-10-571}

![Overexpression of miR-125b resensitizes doxorubicin resistant chondrosarcoma cells through the inhibition of glucose metabolism.\
**Notes:** (**A**) Overexpression of miR-125b resensitized doxorubicin resistant cells. Cells were transfected with pre-miR-125b for 48 hours and then were treated with doxorubicin at indicated concentrations for 48 hours, followed by the measurement of cell viability. (**B**) Western blotting experiments showed the overexpression of miR-125b in JJ012 doxorubicin resistant cells decreased the expressions of ErbB2, HK II, PDK1, and LDHA to the same levels as those of JJ012 parental cells. (**C**) Glucose uptake (left) and lactate product (right) results showed the overexpression of miR-125b in JJ012 doxorubicin resistant cells decreased the glucose metabolism to the same levels as those of JJ012 parental cells. (**D**) Exogenous overexpression of LDHA into miR-125b pretransfected JJ012 parental cells (left) showed resistant to doxorubicin treatments at the indicated concentrations for 48 hours (right). Columns, mean of three independent experiments; bars, SE. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviation:** Doxo R, Doxo resistant.](dddt-10-571Fig7){#f7-dddt-10-571}

###### 

Characteristics of the 20 chondrosarcoma patients and the expressions of miR-125b and ErbB2

                                     n    \%
  ---------------------------------- ---- -------
  Age at diagnosis, years                 
   0--20                             2    10.0
   20--40                            12   60.0
   40--60                            4    20.0
   60--80                            2    10.0
  Sex                                     
   Male                              13   65.0
   Female                            7    35.0
  Histological subtype                    
   Conventional chondrosarcoma       18   90.0
   Dedifferentiated chondrosarcoma   2    10.0
  Grade                                   
   1                                 1    5.0
   2                                 11   55.0
   3                                 8    40.0
  miR-125 levels                          
   Low                               19   95.0
   Median                            1    5.0
   High                              0    0
  ErbB2 levels                            
   Low                               0    0
   Median                            1    5.0
   High                              19   95.0
  Response to doxorubicin                 
   Sensitive                         0    0
   Insensitive                       20   100.0
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